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Abstract—This paper studies linearity of a 2 GHz, 10 Watt
peak output power RF pulse width modulation (RF-PWM) based
transmitter. The transmitter incorporates a tunable load network
class-E PA as the final output stage. The tunable load network
enables dynamic optimization of the class-E along with the duty
cycle resulting in high efficiency over a wide range of output
power levels. A digital predistiortion based linearization scheme
is proposed to enhance the linearity of the transmitter. After
linearization, the transmitter exhibits an adjacent channel power
ratio (ACPR) of -45 dBc with a 3.84 MHz, 6.7 dB peak-to-
average power ratio (PAPR) W-CDMA signal. The average drain
efficiency of the GaN HEMT output stage is 67% and the total
transmitter efficiency is 54%.
I. INTRODUCTION
A radio frequency pulse width modulation (RF-PWM)
based transmitter consists of three main parts: a modulator,
a switch mode power amplifier (SMPA) and a band pass post-
PA filter. The modulator encodes the envelope information of
the communication signal to the duty cycle (pulse width) of a
carrier frequency square wave. Phase information is presented
by the timing of the pulses. The resulting pulse train is then
amplified with an highly efficient SMPA. Post PA filtering is
necessary to remove the spurious products at the harmonics of
the carrier to recover the signal around the carrier frequency
[1].
The main issue of RF-PWM transmitter architecture is
that conventional SMPAs, e.g. class-D, class-E, provides high
efficiency only for a fixed duty cycle. Variable duty cycle
signals at the input creates severe switching losses decreasing
the average efficiency with modulated signals [2]. However,
recently there has been studies on dynamically tunable load
network class-E PAs for energy efficient amplification of RF-
PWM signals [3], [4]. The main principle is to dynamically op-
timize the load network along with the duty cycle to preserve
the class-E switching conditions for high average efficiency.
Characterization results of such PAs with continuous wave
signals have been presented previously in [3], [5] which have
proved the feasibility of this interesting idea to achieve high
efficiency over a wide range of back-off levels. However,
linearity of such transmitters is yet to be studied.
In this paper, linearity of an RF-PWM transmitter that
employs a tunable reactive load impedance class-E PA is
studied with realistic communication signals. A digital pre-
distortion based linearization scheme is proposed to enhance
the linearity. The results clearly demonstrate the feasibility
of the architecture for energy efficient linear amplification of
realistic communication signals.
II. RF-PWM TRANSMITTER
The block diagram of the transmitter is shown in Fig. 1.
In the transmitter, RF-PWM signals are generated with an
inverter implemented in a commercial 65 nm CMOS process
[6]. Ideally, gate bias voltages of both NMOS and PMOS
transistors in the inverter should be varied to control the duty
cycle. However, our experiments have shown that keeping
the NMOS voltage fixed does not degrade the performance
significantly in terms of efficiency and output power dynamic
range. The duty cycle is therefore controlled by only varying
the gate bias voltage of the PMOS transistor, VgP , in the
inverter [7].
The RF-PWM signals are amplified with a 2 GHz, 10 W
peak output power, GaN HEMT (high electron mobility tran-
sistor) (Cree CGH60015D) tunable reactive load impedance
class-E PA. The schematic of the PA is shown in Fig. 2.
The tunable load network is implemented using in-house
(Chalmers University of Technology) high breakdown voltage
(VBR > 100 V) SiC varactor diodes [8]. Zero voltage
switching (ZVS) condition of the class-E is preserved versus
the duty cycle by only varying a single varactor control signal
(Vc) thus enabling high efficiency over a wide output power
dynamic range.
III. STATIC CHARACTERIZATION
For operation of the transmitter, the optimal combination
of Vc and VgP for the best efficiency has to be identified.
This is performed by varying the Vc and optimizing the
VgP for the best transmitter efficiency based on continuous
wave static measurements using a power meter. The efficiency
constrained optimal control signals are shown in Fig. 3 and
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Fig. 1. Block diagram of the RF pulse width modulated class-E transmitter.
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Fig. 2. Class-E PA with tunable reactive load impedance for energy efficient
amplification of RF pulse width modulated signals.
the corresponding efficiency performance is shown in Fig. 4.
The efficiency definitions follow as
 =
Pout
PDC1
(1)
tot =
Pout
PDC1 + PDC2 + PA
(2)
where PDC1 and PDC2 are the DC powers drawn by the
Class-E stage and the modulator stages, respectively. PA is
the available RF power from the RF synthesizer applied to
the modulator input.
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Fig. 3. The optimal varactor and duty cycle control voltages, Vc and VgP ,
respectively, versus the output power, Pout, at 2 GHz carrier frequency.
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Fig. 4. The measured drain efficiency of the Class-E stage, , and the overall
transmitter efficiency, tot, versus the output power, Pout, at 2 GHz carrier
frequency.
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Fig. 5. The available RF input power, PA, versus the delivered output power,
Pout. The carrier frequency is 2 GHz.
The output power dynamic range (DR) achieved with RF-
PWM operation is around 5.5 dB as seen from Fig. 3. This
DR is clearly not enough for linear amplification of modern
communication signals, e.g. W-CDMA or LTE. This limitation
can, however, be circumvented by operating the transmitter in
the linear mode where the output power is directly controlled
by the RF input power rather than the duty cycle and varactor
voltage. However, as switch mode operation requires CMOS
and GaN HEMT devices to be deeply saturated, severe gain
expansion is unavoidable in the transition to the linear op-
eration region. This causes large discontinuity in the input-
output power relationship. The varactor signal can, however,
be optimized to obtain a smooth transition between linear and
switch modes. The resulting input-output power relation with
optimized varactor signal for a smooth transition is shown in
Fig. 5.
IV. DYNAMIC CHARACTERIZATION AND LINEARIZATION
This section covers the dynamic characterization and lin-
earization of the RF-PWM transmitter. First, the measurement
setup is introduced.
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Fig. 6. Block diagram of the measurement setup.
A. Measurement Setup
A two channel arbitrary waveform generator (Tabor Elec-
tronics WW2572A) (AWG) is used to generate the baseband
signals. An high speed op-amp (MS Kennedy 600r) based
feedback amplifier is used to amplify the varactor control
signal to the required level. The duty cycle control signal VgP
can directly be generated with the AWG. RF input signal is
generated using an evaluation board from Texas Instruments
(TSW3100), consisting of two digital to analog converters
(DAC) for I and Q branches and an IQ modulator.
For multiple input transmitters, accurate time alignment of
the input signals is very crucial for the linearity [9]. Output
signal and also the input signals are measured with a sampling
oscilloscope. Delay mismatch between the RF signal and the
baseband control signals is determined by cross correlating
the baseband signals with the RF signal. The mismatch is
compensated in the digital domain in MATLAB environment.
It is important to mention that using independent sample
clocks even derived from a common 10 MHz reference signal
may cause significant delay uncertainty between different
signal paths due to phase jitters of the sample clocks. Both
TSW3100 and AWG are therefore fed with the same external
sample clock for best synchronization and linearization perfor-
mance. A block diagram of the measurement setup is shown
in Fig. 6.
B. Digital Pre-distortion Linearization
Digital pre-distortion (DPD) scheme used for linearization
is shown in Fig. 7. The transmitter is considered as a single
input single output system. Efficiency optimized input signals,
Vc,VgP and RFin are derived from the predistorted input
signal (x^) using a digital splitter constructed from the static
CW measurement data. DPD model parameters are identified
by comparing the measured output sample (y) and the input
sample (x).
A vector switched generalized memory polynomial (VS-
GMP) model is used as the behavioral model for DPD oper-
ation [10]. The VS-GMP quantize the signal according to the
signal amplitude in to a number of regions and model each
region separately. That model is therefore very suitable for
behavioral modeling of the transmitter which has two distinct
operating regions, linear and RF-PWM, see Fig. 5.
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Fig. 7. Digital pre-distortion linearization scheme.
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Fig. 8. AM-AM response of the transmitter. Model I and II refer to GMP
and vector switched GMP models, respectively.
A 3.84 MHz 6.7 dB PAPR W-CDMA signal is used for
the measurements presented through the paper. The AM-
AM and AM-PM curves are shown in Fig. 8 and Fig. 9,
respectively, before and after DPD linearization. High AM-PM
distortion for high output amplitudes originates from tuning of
the imaginary load impedance versus the duty cycle. This can
however be corrected by DPD as observed from the AM-PM
curve after linearization.
It can easily be seen from the AM-AM curve that, as
expected, the transmitter has distinctly different behaviors for
RF-PWM and linear regions. Also, high order of nonlinearity
can be observed for the linear operation region, mainly caused
by the response of the CMOS driver. A high number of regions
for vector quantization is therefore necessary to achieve a good
TABLE I
SUMMARY OF THE LINEARIZATION RESULTS
DPD type Num. of reg. (P;M; r) FLOPs NMSE (dB) ACPR (dBc) Pout avg (Watt) avg tot avg
- - - - -12 -23 2.24 67% 54%
GMP 1 (7,3,1) 672 -32 -41 2.13 65.5% 53%
VS GMP 16 (3,3,1) 308 -35 -45 2.18 67% 54%
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Fig. 9. AM-PM response of the transmitter. Model I and II refer to GMP
and vector switched GMP models, respectively.
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Fig. 10. Normalized power spectral density of the output signal. Model I
and II refer to GMP and vector switched GMP models, respectively.
accuracy from the model. It is observed that results improve
up to 16 number of regions for the DPD.
Spectrum of the output signal is shown in Fig. 10. By
using the VS-GMP based DPD, the adjacent channel power
ratio (ACPR) is improved more than 22 dB, which is also 4
dB better than if a conventional GMP model is used. The
linearization results are summarized in Table I. Run-time
computational complexity of VS-GMP and GMP models are
also compared in the table where number of floating point
operations per sample (FLOPs) used as the metric [10]. Also
in terms of complexity, the results clearly demonstrate that the
VS-GMP is very powerful. Formulas for calculation of number
of FLOPs can be found in [10].
V. CONCLUSION
Linearity characteristics of a high efficiency RF-PWM based
transmitter is studied. The dynamic range achieved with RF-
PWM operation is limited by the minimum duty cycle of
the modulator. This problem is circumvented by switching to
linear mode of operation, i.e. controlling the output amplitude
by varying the input amplitude rather than varying the duty
cycle. The transmitter thus exhibits two distinct behaviors
according to the output amplitude. Vector switched models
are therefore most suitable for pre-distortion linearization of
the transmitter presented. Average drain efficiency of 67% and
ACPR of -45 dBc are measured with a 6.7 dB PAPR W-
CDMA signal. These results clearly prove the feasibility of
the architecture for efficient linear amplification.
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